Natural killer (NK) cells directly recognize and kill fungi, such as the pathogenic fungus Cryptococcus neoformans, via cytolytic mechanisms. However, the precise signaling pathways governing this NK cell microbicidal activity and the implications for fungal recognition are still unknown. Previously, it was reported that NK cell anticryptococcal activity is mediated through a conserved phosphatidylinositol 3-kinase-extracellular signal-regulated kinase 1/2 (PI3K-ERK1/2) pathway. Using YT (a human NK-like cell line) and primary human NK cells, we sought to identify the upstream, receptor-proximal signaling elements that led to fungal cytolysis. We demonstrate that Src family kinases were activated in response to C. neoformans. Furthermore, pharmacologic inhibition with an Src kinase inhibitor blocked C. neoformans-induced downstream activation of PI3K and ERK1/2 and abrogated cryptococcal killing. At the same time, the inhibitor disrupted the polarization of perforin-containing granules toward the NK cell-cryptococcal synapse but had no effect on conjugate formation between the organism and the NK cell. Finally, small interfering RNA (siRNA) double (but not single) knockdown of two Src family kinases, Fyn and Lyn, blocked cryptococcal killing. Together these data demonstrate a mechanism whereby the Src family kinases, Fyn and Lyn, redundantly mediate anticryptococcal activity through the activation of PI3K and ERK1/2, which in turn facilitates killing by inducing the polarization of perforin-containing granules to the NK cell-cryptococcal synapse.
N
atural killer (NK) cells possess an enormous capacity for immune recognition and cytotoxicity, extending far beyond just tumor and virus-infected cells (1, 2) . Numerous studies have now demonstrated that NK cells also possess the ability to directly recognize and kill bacteria (3, 4) , parasites (5) , and fungi (6, 7) . In particular, NK cells have been shown to kill Cryptococcus neoformans (8) (9) (10) (11) . This devastating fungal pathogen, often acquired through the inhalation of C. neoformans yeast cells or spores, is associated with tremendous morbidity and mortality in immunocompromised individuals such as those living with AIDS (12) . Uncontrolled growth of C. neoformans in the lungs of these individuals leads to the development of pneumonia, and in more severe cases, yeast cells disseminate from the lungs to the brain, resulting in meningoencephalitis or even death (12) .
It has become increasingly evident that NK cells mediate anticryptococcal activity through contact-dependent cytotoxicity (8, 13) . Microscopic studies have revealed direct contact and conjugate formation between NK cells and C. neoformans, and the magnitude of conjugate formation correlated with anticryptococcal activity (8) (9) (10) . Other studies have suggested that NK cell microbicidal activity against C. neoformans is likely mediated through a receptor-ligand interaction (14) . It follows that receptor ligation converges on signaling cascades that facilitate microbicidal activity. In the context of C. neoformans, the pathways underlying NK cell anticryptococcal activity have recently begun to be defined. It is clear that NK cell anticryptococcal activity is mediated through phosphatidylinositol-3-kinase (PI3K)-dependent extracellular signal-regulated kinases 1 and 2 (ERK1/2) signaling (PI3K¡ERK1/2), which stimulates the polarization and release of perforin (15) . However, the upstream (receptor-proximal) signaling elements that lead to the activation of PI3K and perforin-dependent anticryptococcal activity are unknown.
Some receptors utilize Src (v-src sarcoma [Schmidt-Ruppin A-2] viral oncogene homolog) family kinases, while others do not. For example, NK cells express receptors that are involved in microbial recognition, including Toll-like receptors, C-type lectin receptors, complement, and scavenger receptors. While some of these receptors employ PI3K (16) (17) (18) , the canonical pathways do not use Src family kinases (19) (20) (21) , which are a diverse group of protein tyrosine kinases (Src, Fyn, Hck, Lck, Lyn, Yes, Fgr, Blk, and Yrk) involved in numerous cellular processes ranging from growth and differentiation to survival (22, 23) . In contrast, many of the NK cell cytotoxicity-activating receptors involved in tumor cell killing, such as killer cell immunoglobulin-like receptors (KIR) and natural cytotoxicity receptors (NCR), mediate activation of PI3K¡ERK1/2 through Src family kinases. Thus, the requirement for Src family kinases will provide an important distinction between fundamentally different receptor pathways in the recognition and killing of Cryptococcus neoformans by NK cells.
Among the many Src family kinases, Fyn (FYN oncogene related to SRC, FGR, and YES) and Lck (lymphocyte-specific protein tyrosine kinase) have emerged as the principal members involved in NK cell cytotoxicity against tumor cells. These kinases have been shown to physically associate with, and mediate phosphorylation of, the immunoreceptor tyrosine-based activation motif (ITAM)-containing adaptor DAP12 (24) . Similarly, crosslinking of NCR was found to induce activation of Fyn and Lck (25) . Activation through the signaling lymphocyte activation molecule (SLAM)-family receptor 2B4 has also been shown to proceed through Fyn (26, (27) (28) (29) . Finally, in addition to its role in natural cytotoxicity, Lck has also been found to mediate antibodydependent cell-mediated cytotoxicity (ADCC) through the Fc receptor CD16 (30) (31) (32) (33) . Some studies have also suggested the possibility of other Src family members being involved in cytotoxicity. For instance, the kinase Lyn (v-yes-1 Yamaguchi sarcoma virusrelated oncogene homolog) has been found to associate with the NK cell-activating receptors CD94 and NKR-P1 (34) . Furthermore, cross-linking of IgG-CD16 complexes has been found to result in Lyn activation (35) . Thus, while Fyn and Lck have classically been associated with NK cell cytotoxicity, these findings raise the potential for Lyn to be the key player in microbicidal activity against C. neoformans. Alternatively, given the possibility of redundancy among members of the Src family (24, (36) (37) (38) , anticryptococcal activity may be mediated by not one, but several, of these kinases.
Herein we investigate the upstream (receptor-proximal) signaling events that facilitate PI3K¡ERK1/2 and anticryptococcal activity, focusing on the role of Src family kinases. To determine whether Src family kinases were activated and required for anticryptococcal activity, a human NK cell line and primary human NK cells were stimulated with C. neoformans, and dual infrared detection of proteins by immunoblotting was performed. Meanwhile, CFU assays were performed under pharmacologic inhibition of Src family kinases to gauge function. Immunoblotting was performed to assess activation of PI3K¡ERK1/2 in the presence of an Src family kinase inhibitor. Furthermore, digital deconvolution of stacked microscopy images was used to visualize the effect of inhibiting Src family kinases on perforin polarization to the NK cell-cryptococcal synapse. Finally, single or double knockdown of individual Src family kinases using small interfering RNA (siRNA) was performed to determine the specific member(s) involved in anticryptococcal activity.
MATERIALS AND METHODS
Cell preparation and culture. The human NK-like leukemic cell line (YT) was a generous gift from C. Clayberger (National Cancer Institute, Bethesda MD). YT cells were cultured at 37°C and 5% CO 2 in complete RPMI medium consisting of RPMI 1640 medium, 10% heat-inactivated fetal bovine serum, 1% nonessential amino acids, 1% sodium pyruvate, 1% penicillin, and 1% streptomycin (all from Invitrogen, Carlsbad, CA).
For isolation of primary human NK cells, human peripheral blood was obtained by venipuncture from healthy volunteers (in compliance with the University of Calgary Conjoint Health Research Ethics Board of the University of Calgary, Protocol 23363) and anticoagulated with heparin (10 U/ml blood). Peripheral blood mononuclear cells were purified by centrifugation on a Ficoll-Hypaque (GE Healthcare, Mississauga, ON, Canada) density gradient and washed three times in Hanks balanced salt solution (Invitrogen, Carlsbad, CA). NK cells were magnetically separated through LS columns using a MACS NK cell isolation kit (Miltenyi Biotec, Auburn, CA) as per the manufacturer's instructions. NK cells collected in the negative fraction were labeled with anti-human CD3-phycoerythrin (PE) (BD Biosciences, San Jose CA) and CD56-fluorescein isothiocyanate (FITC) (Biolegend, San Diego CA) and analyzed using a Guava EasyCyte 96-well flow cytometer (Guava Technologies, Hayward, CA) to assess purity.
C. neoformans strain B3501 was obtained from the ATCC (catalog number 34873). C. neoformans was grown to log phase in Sabouraud dextrose broth (Difco) at 32°C with gentle shaking and stored at 4°C.
Antibodies. Rabbit anti-human Hck, Blk, Fgr, Yes, and phospho-ERK1/2 (p-ERK1/2) and mouse anti-human ERK1/2 and Src were purchased from Cell Signaling Technology (Danvers, MA). Mouse anti-human CD3-phycoerythrin (PE), perforin (clone ␦G9), Fyn, and Lck antibodies were purchased from BD Biosciences (San Jose, CA). Rabbit anti-human p-Akt1, -2, and -3 (p-Akt1/2/3) and mouse anti-human Akt1 and Lyn antibodies were purchased from Santa Cruz Biotechnologies (Santa Cruz, CA). Anti-phosphotyrosine clone 4G10 and rabbit anti-Fyn antiserum were purchased from Millipore (Billerica, MA). Alexa-350-conjugated phalloidin, rabbit anti-human p-Src family (pY418), and Alexa-555-conjugated goat anti-mouse IgG were purchased from Invitrogen (Carlsbad, CA). Mouse anti-human beta-actin was purchased from Sigma-Aldrich (St. Louis, MO). Goat anti-human Fyn was purchased from AbD Serotec (Raleigh, NC). Goat anti-rabbit IgG infrared (IR) dye 700DX, goat anti-mouse IgG IR dye 800, and donkey anti-goat IgG IR dye 700DX were all purchased from Rockland (Gilbertsville, PA).
NK cell anticryptococcal activity. Anticryptococcal activity was determined as previously described (39) . Briefly, C. neoformans (targets) was grown to log phase in Sabouraud dextrose broth at 32°C with gentle shaking and incubated with YT cells (effectors) in a round-bottom 96-well plate at 37°C. Unless otherwise indicated, a starting effector-to-target (E/T) ratio of 200:1 was used (Cryptococcus alone increases approximately 100-fold during the course of the assay). CFU counts were determined at 0 (starting inoculum), 24, and in some instances 48 h. Primary human NK cell anticryptococcal activity was determined similarly, using a starting E/T ratio of 1,000:1 unless otherwise indicated. For some experiments, cells were pretreated with dimethyl sulfoxide (DMSO) or dasatinib (100 nM) (a generous gift from May Ho, University of Calgary, Calgary, AB, Canada) for 1 h at 37°C prior to incubation with C. neoformans. In other experiments, cells were washed in serum-free RPMI medium and incubated with water (vehicle control) or methyl-beta-cyclodextrin (MBCD) (2 mM) (Sigma-Aldrich, St. Louis, MO) for 30 min at 37°C prior to incubation with C. neoformans.
Stimulation and immunoblotting. YT and primary human NK cells were incubated with C. neoformans in serum-free RPMI medium at 37°C. An E/T ratio of 1:100 was used unless otherwise indicated. For some experiments, cells were pretreated with DMSO, dasatinib (100 nM), or LY294002 (50 M) (Calbiochem) for 1 h at 37°C. As a positive control, cells were incubated at 37°C for 10 min with pervanadate, which was prepared as previously described (40) . Immediately after stimulation, cells were centrifuged at 3,000 ϫ g for 30s and lysed on ice in NP-40 lysis buffer (Invitrogen) supplemented with phosphatase and protease inhibitor cocktails (both from Roche Applied Science). Lysates were diluted in NuPAGE lithium dodecyl sulfate (LDS) sample buffer and reducing agent (both from Invitrogen) and boiled.
Samples were resolved on 4 to 12% NuPAGE Bis-Tris gels (Invitrogen) and transferred onto nitrocellulose membrane (Bio-Rad). Immunoblots were probed and visualized using an Odyssey infrared imaging system (Li-Cor). Analysis was performed on Odyssey application software. Densitometry was performed using ImageJ, version 1.44o (National Institutes of Health, Bethesda MD). For immunoprecipitation, whole-cell lysates were clarified at 13,000 rpm for 15 min at 4°C. Supernatants were mixed with rabbit anti-Fyn antiserum and rotated overnight at 4°C. Samples were then mixed with protein A and G-agarose beads (Sigma-Aldrich) and rotated for several hours at 4°C. After several washes in NP-40 lysis buffer, samples were resuspended in NuPAGE LDS sample buffer containing 1.5% ␤-mercaptoethanol and then boiled at 100°C.
Gene silencing with siRNA. For each protein listed, four individual small interfering RNA (siRNA) sequences were ordered at a time and arbitrarily numbered. Fyn siRNA sequences two (CGCAUGAAUUAUA UCCAUA), three (CAGGAAUGGCUUACAUCGA), and four (CUGUG AAGCAUUCGAGACA) and Lyn siRNA sequences one (UGGCAUACA UCGAGCGGAA), two (AAGCUAAAAUAACCGGAUA), and three (AG AUUGGAGAAGGCUUGUA) and a nontargeting control siRNA were all purchased from Dharmacon RNAi Technologies (Lafayette, CO). For transfection, YT cells were washed in serum-free RPMI medium and resuspended in Nucleofector solution (kit V) (Amaxa, Walkersville, MD). These cells (3 ϫ 10 6 ) were then premixed with 0.2 nmol of nontargeting control siRNA (0.4 nmol for double knockdowns) or 0.2 nmol of a single sequence of target-specific siRNA in 100-l volumes. They were then transferred into cuvettes and nucleofected using an Amaxa Nucleofector II device (program O-017). Immediately after, cells were diluted in prewarmed complete RPMI medium and incubated at 37°C and 5% CO 2 .
Immunofluorescence microscopy. YT cells were left untreated or pretreated with DMSO or dasatinib (100 nM) for 30 min at 37°C. YT cells were then incubated alone or with C. neoformans for 4 h at an E/T ratio of 1:5. Cells were fixed with 3.7% formaldehyde, mounted on slides with Prolong Gold (Molecular Probes), and visualized by differential interference contrast (DIC) using a DeltaVision IX70 microscope (Applied Precision, Issaquah, WA) with a PlanApo 60ϫ objective (1.46 numerical aperture [NA] ). This wide-angle Olympus microscope is equipped with stacking capabilities. Samples were assessed blinded to sample type, and counts were taken of contiguous fields in a serpentine pattern along the slide. Conjugates were scored if there was a clear contact site with a concave interface in YT cells formed by the C. neoformans conjugate. Results were graphed as percentages of YT cells that formed conjugates with C. neoformans.
For some experiments, cells were fixed with formaldehyde and permeabilized with Perm/Wash (BD). They were then labeled with mouse antihuman perforin, followed by Alexa-555-conjugated goat anti-mouse IgG and phalloidin-Alexa-350 for staining F-actin. Cells were washed, mounted on slides, and visualized by DIC microscopy using a DeltaVision microscope. DIC and fluorescent images represent one deconvolved Zstack obtained using the digital deconvolution program SoftWoRx (Applied Precision, Issaquat, WA). Cells with F-actin polymerization at the site of C. neoformans contact with YT cells were considered to have formed a stable conjugate. Movement of perforin to the synapse/polymerized F-actin was quantified by assigning a score from 0 to 3 as follows. A score of 0 was assigned when perforin granules were predominately in the half of the cell distal to the synapse or randomly throughout the cell. A score of 1 was assigned when granules were predominantly distributed in the half of the cell proximal to the synapse. A score of 2 was assigned when granules were in loose approximation to the synapse. A score of 3 was assigned when granules were in intimate association with the synapse.
Statistics. Data expressed are the means Ϯ standard errors of the means (SEM). Statistical significance was determined by performing an analysis of variance (ANOVA), followed by a Bonferroni multiple comparison test. In some instances (only two groups present), Student's t test was performed. Analyses were performed using GraphPad Prism software.
RESULTS
Anticryptococcal activity is lipid raft dependent and accompanied by early tyrosine phosphorylation of a 60-kDa protein. Previous studies have elucidated several critical elements in the anticryptococcal pathway, including PI3K, ERK1/2, and perforin (13, 15) . However, the more receptor-proximal elements (i.e., those upstream of PI3K) have not yet been identified. Several upstream mediators involved in lymphocyte activation and tumor cell killing have been shown to associate with lipid rafts (41) . Others have been found to operate independently of lipid rafts (42) . Thus, the contribution of lipid rafts was investigated to narrow the range of signaling molecules that could potentially be involved in PI3K activation and cryptococcal killing. This was done using methylbeta-cyclodextrin (MBCD), a cholesterol-depleting agent known for its ability to disrupt lipid rafts (43) . Thus, YT cells were pretreated with an equal volume of H 2 O (vehicle control, 5%) or 2 mM MBCD and then incubated with C. neoformans for 24 h in serum-free medium. Cultures containing cells treated with MBCD had significantly more CFU than those containing untreated or H 2 O-treated cells (Fig. 1A) . No appreciable effects on viability were observed from MBCD treatment in these experiments (71.3% viability in MBCD treated cells versus 70.9% in control cells). These results suggested that upstream signaling during anticryptococcal activity requires lipid rafts.
To further elucidate the upstream signaling molecules that could potentially mediate cryptococcal killing, we assessed tyrosine phosphorylation in response to C. neoformans. Thus, YT cells were stimulated with C. neoformans for 1 to 30 min and immunoblotted with the anti-phospho-Tyr (p-Tyr) clone 4G10. Bands were detected at several molecular masses including, approximately, 104 kDa, 99 kDa, 72 kDa, 60 kDa, and 49 kDa (Fig.  1B) . A few of these corresponded to the molecular masses of wellknown signaling proteins. In particular, the band at approximately 60 kDa corresponded to the molecular mass of several members of the Src family. As Src family kinases are known to signal through lipid rafts (44, 45) , these data indicated that Src family kinases might be involved in anticryptococcal activity. Src family kinases are activated and required for cryptococcal killing. To determine whether Src family kinases are activated during cryptococcal killing, YT cells were left unstimulated or were stimulated with C. neoformans for 1 to 15 min, and immunoblotting was performed for phosphorylation of ERK1/2 and the conserved activating tyrosine, Y418, of Src family kinases (p-Src family). Consistent with previous studies (15), C. neoformans was found to effectively induce the phosphorylation of ERK1/2 in YT cells ( Fig. 2A and B) . At the same time, Src family kinase phosphorylation was detected as early as 1 min poststimulation and returned to baseline by 15 min. Primary human NK cells (purity of Ͼ90%) stimulated with C. neoformans were also found to signal through Src family kinases, with phosphorylation occurring maximally at 5 min and returning to baseline by 30 min (Fig. 2D and E) .
To address whether Src family kinases are also required for cryptococcal killing, cells were treated with a pharmacologic Src family kinase inhibitor, dasatinib. Dasatinib's primary targets are the Src family kinases and Abelson tyrosine kinase (46) . It binds reversibly to the Src family kinase ATP site, thereby competitively inhibiting tyrosine kinase function (47) . Dasatinib was chosen due to its broad Src family kinase coverage, relatively high potency, and lack of toxicity toward NK cells and C. neoformans. Furthermore, it has previously been shown to effectively block NK cell killing of tumor cells (48) . Dasatinib was similarly found to be effective at inhibiting cryptococcal killing. Cultures containing YT or primary human NK cells pretreated with dasatinib were found to have significantly more CFU after 24 h than those containing untreated cells or cells pretreated with the vehicle control DMSO alone ( Fig. 2C and F) . Dasatinib was not found to exert any adverse effects on viability at the concentration used in these experiments (data not shown).
Src family kinases mediate activation of PI3K¡ERK1/2 during anticryptococcal activity. Given that the activation of PI3K¡ERK1/2 has previously been shown to be required for killing of C. neoformans (15), we questioned whether Src family kinases might mediate activation of PI3K¡ERK1/2. Thus, YT cells were left untreated or were pretreated with DMSO or dasatinib and then stimulated with C. neoformans. Immunoblotting was then performed to assess phosphorylation of Src family kinases, Akt (v-akt murine thymoma viral oncogene homolog) (indicating PI3K activation), and ERK1/2. While untreated and DMSOtreated cells produced Akt and ERK1/2 phospho-signals in response to C. neoformans, cells treated with dasatinib failed to demonstrate increased phosphorylation of these signaling proteins (Fig. 3A and B) . The pharmacologic PI3K inhibitor LY294002 was similarly able to block the phosphorylation of Akt and ERK1/2, as demonstrated previously (15), but had no effect on the phosphorylation of Src family kinases. These results demonstrate that C. neoformans-induced activation of PI3K¡ERK is dependent on upstream Src family kinase signals.
Src family kinases mediate polarization of perforin-containing granules to the YT cell-cryptococcal synapse during killing. Several possible mechanisms may account for the dependence of anticryptococcal activity on Src family signals. For instance, Src family kinases may regulate the formation of conjugates between NK cells and C. neoformans. Indeed, some studies have reported a requirement for Src family kinases in conjugate formation with tumor cells (49, 50) . Thus, the inability of dasatinib-treated YT cells to kill C. neoformans could be due to a lack of conjugate formation altogether. To investigate this possibility, microscopy was used to visualize the number of conjugates formed with DMSO-treated cells compared to cells treated with dasatinib. No significant difference was found between the two groups (Fig. 4A) , suggesting that Src family kinases are not required for the formation of NK cell-cryptococcal conjugates.
Another possibility may be that Src family kinases influence the movement of perforin-containing granules to the NK cell-cryptococcal synapse. This is suggested by our finding that Src family kinases mediate the activation of PI3K¡ERK, which has previously been shown to induce the polarization of perforin-containing granules to the NK cell-cryptococcal synapse (15) . To test this hypothesis, YT cells were pretreated with DMSO or dasatinib and then incubated with C. neoformans for 4 h. Cells were then stained for perforin and F-actin and visualized by microscopy. In cells treated with DMSO there was both F-actin polymerization and perforin trafficking to the YT cell-cryptococcal synapse (Fig. 4B) . On the other hand, cells treated with dasatinib showed little perforin movement to the site of contact, despite having formed a stable polymerized F-actin plate. Quantitative analysis revealed a statistically significant difference between the polarizations of perforin in DMSO-and dasatinib-treated cells (Fig. 4C) . Thus, the inability of perforin-containing granules to traffic to the YT cellcryptococcal synapse in the presence of dasatinib provided evidence that Src family kinases are required for the granule polarization that is necessary for anticryptococcal activity.
Fyn is not solely required for YT cell anticryptococcal activity. To begin determining the specific Src family kinase(s) involved in anticryptococcal activity, YT and primary human NK cells were screened for Src family kinase expression. Based on immunoblotting, both YT and primary human NK cells were found to express several Src family members, including lithium dodecyl sulfate (Fig. 5A) . Given the major role of Fyn in NK cell cytotoxicity against tumor cells (24, 25, 28) , we wondered whether it might similarly mediate microbicidal activity against C. neoformans. Thus, Fyn was immunoprecipitated from YT cells stimulated with C. neoformans for 1 to 15 min and then subjected to immunoblotting for p-Tyr using 4G10. Phosphorylation of Fyn was detected within 1 min of stimulation and returned to resting levels by 15 min (Fig. 5B and C ). These results demonstrate that Fyn is activated in response to C. neoformans. To determine whether Fyn is also required for cryptococcal killing, YT cells were transfected with nonspecific siRNA or two different sequences of Fyn siRNA to minimize the possibility of off-target effects. Fortyeight hours later (determined to be the time of maximal knockdown), immunoblotting was performed to confirm knockdown (Fig. 5D) , and cells were incubated with C. neoformans for an additional 24 h to assess anticryptococcal activity. Surprisingly, neither Fyn siRNA sequence had any effect on CFU counts (Fig.  5E ) despite achieving Ͼ90% knockdown. Thus, the ability of NK cells to kill C. neoformans is not entirely dependent on Fyn.
Fyn and Lyn are redundant in mediating anticryptococcal activity. Despite becoming activated in response to C. neoformans, Fyn was not essential for anticryptococcal activity. One explanation for these results may be the phenomenon of redundancy: that is, some members of the Src family are able to assume the function of other members in their absence. Given that Src family kinases share a conserved domain structure, redundancy is certainly possible and has been suggested by several studies. In NK and T cells in particular, there is evidence to support redundancy between the kinases Fyn and Lck (24, 36, 38) . Meanwhile, the possibility of redundancy among other Src family kinases such as Fyn and Lyn in NK and T cells has yet to be explored. In any case, the redundant Src family kinase(s) would also have to be knocked down to elucidate a response. Among the three remaining Src family members expressed by YT cells, it was felt that Lyn would be the most likely to substitute for Fyn in mediating anticryptococcal activity when Fyn is absent (51) . Thus, YT cells were transfected with nonspecific siRNA, Fyn siRNA alone, Lyn siRNA alone, or both Fyn and Lyn siRNAs together. Forty-eight hours posttransfection, immunoblotting was performed to assess knockdown (Fig. 6A) , and cells were incubated with C. neoformans for an additional 48 h to assess cryptococcal killing. Fyn or Lyn knockdown individually had no significant effect on CFU counts (Fig. 6B) . However, when these kinases were knocked down together, there was a significant increase in CFU counts, reflecting impaired anticryptococcal activity compared to both the nonspecific siRNA and mock-transfected groups. No adverse effects on viability were observed from the double knockdown itself. To minimize the possibility of offtarget effects, replicate experiments were performed with different Fyn and Lyn sequences (data not shown). Thus, a redundancy exists between Fyn and Lyn such that anticryptococcal activity is spared in the absence of one or the other.
DISCUSSION
In this study, we have identified the following key aspects of the NK cell signaling response to C. neoformans. Cells were fixed and mounted on slides and visualized using a DeltaVision microscope (a single Z section). Conjugates were scored if there was a clear contact site accompanied by a concave depression in the YT cell in contact with C. neoformans. Samples were assessed blinded to sample type, and counts were taken of contiguous fields in a contiguous serpentine pattern across the slide. Data are representative of 250 cells from one of two independent experiments. NS, not significant. (B) Cells were fixed, permeabilized, and labeled with mouse anti-human perforin followed by Alexa-555-conjugated goat antimouse IgG (red) and phalloidin-Alexa-350 for staining F-actin (blue). Cells were washed, mounted on slides, and visualized using a DeltaVision microscope. YT cells with F-actin polymerization at the site of contact with C. neoformans were considered to have formed a stable conjugate. Two different representative images are indicated by Crypto #1 and Crypto #2. (C) Movement of perforin to the synapse/polymerized F-actin was quantified by assigning a score from 0 to 3 as follows. A score of 0 was assigned when perforin granules were predominately in the half of the cell distal to the synapse. A score of 1 was assigned when granules were predominantly distributed in the half of the cell proximal to the synapse. A score of 2 was assigned when granules were in loose approximation to the synapse. A score of 3 was assigned when granules were in intimate association with the synapse. ***, P Ͻ 0.001. Data are representative of 16 established conjugates from one of two independent experiments.
pivotal role in upstream signaling during NK cell killing of tumor cells. Tumor cells stimulate NK cell receptors that associate with immunoreceptor tyrosine-based activation motif (ITAM)-containing (52) transmembrane adaptors, resulting in the phosphorylation of ITAMs by Src family kinases (53) . These are then able to bind spleen tyrosine kinase (Syk) (54, 55) and a zeta-chain-associated protein of 70 kDa (ZAP-70) (56) , which may in turn facilitate recruitment of downstream signaling molecules such as PI3K (57) . Similarly, the YINM sequence of NKG2D and the adaptors (SAP and EAT-2) of the SLAM family of receptors require Src family kinase-dependent phosphorylation (26, 27, 29, (58) (59) (60) . While it is evident that NK cells also mediate killing of C. neoformans, very little is known regarding the signaling mechanisms underpinning this microbicidal activity. Building on previous work that described some of the major downstream signaling elements involved in the NK cell response to C. neoformans, our data demonstrated an essential role for Src family kinases in anticryptococcal activity. Thus, although tumor cells and C. neoformans are vastly different targets, NK cells appear to utilize a conserved family of upstream signaling molecules (Src family kinases) for cytotoxicity. Our results demonstrate that Src family kinases are required for NK cell anticryptococcal activity. Indeed, dasatinib treatment impaired NK cell killing of C. neoformans. As with all pharmaco- logic inhibitors, however, the possibility of nonspecific effects was considered, which prompted confirmation with knockdown experiments (to be discussed later). Furthermore, our results show that the requirement of Src family kinases for anticryptococcal activity is rooted in their ability to mediate activation of PI3K¡ERK1/2. Indeed, inhibition of Src family kinase signaling with dasatinib was found to impair activation of PI3K and ERK1/2 in response to C. neoformans. Interestingly, Src family kinase activation was found to noticeably outlast that of ERK1/2 following stimulation with C. neoformans. This finding may reflect the fact that deactivation of ERK1/2 through phosphatase activity proceeds at a faster pace than that of Src family kinases following stimulation with C. neoformans.
Prior studies have shown that the polarization of perforin-containing granules toward the site of tumor contact is dependent on the activation of PI3K¡ERK1/2 (61), which is dependent on Src family kinases (62) . These data were consistent with our observation that the polarization of perforin-containing granules toward the site of contact with C. neoformans is dependent on PI3K¡ERK1/2 (15) and Src family kinases (present data). Thus, our data established a link between upstream Src family kinase signals and perforin-dependent cryptococcal killing. Interestingly, unlike the trafficking of perforin-containing granules, actin polymerization at the NK cell-cryptococcal synapse was still able to occur in the presence of dasatinib, suggesting that this process is regulated independently of Src family kinases. Studies with tumor cells have shown that actin polymerization during NK cell cytotoxicity is mediated to a large extent by Rho family GTPases, which in turn are activated by the Vav family of guanine nucleotide exchange factors (GEF) (53) . Thus, one explanation may be that Vav family members become activated independently of Src family kinases in response to NK cell stimulation. In any case, it seems that both Src family kinase-dependent and -independent signaling pathways occurring in parallel govern NK cell anticryptococcal activity.
It is evident from tumor cell studies that Fyn and Lck are the predominant Src family kinases involved in NK cell cytotoxic pathways. For instance, cross-linking of the murine receptor Ly49D (24) and natural cytotoxicity receptors (NKp30, NKp44, and NKp46) (25) , which mediate killing through the ITAM-dependent pathway, was found to induce Fyn and Lck activation. Similarly, Lck has been found to mediate ADCC through the Fc receptor CD16 (30) (31) (32) (33) and may also play an important role in the NKG2D/DNAX-activating protein of 10 kDa (DAP-10)-dependent pathway (58) . Finally, the SLAM family receptor 2B4 has been shown to induce cytotoxicity through activation of Fyn (26, 29) . Given these reports, it was anticipated that Fyn would be required for anticryptococcal activity. Thus, it came as a surprise when Fyn knockdown was not sufficient to abrogate killing of C. neoformans. One explanation for these results may be that another Src family kinase(s) was redundant with Fyn, thus masking the effect of the knockdown. Such a relationship among Src family members has been recognized and suggested by several studies (24, 36, 37) although it has not been firmly established which Src family kinases are redundant. Among the remaining kinases expressed by YT cells, we felt that Lyn would be the most likely to be redundant with Fyn for several reasons. First, in addition to Lck and Fyn, Lyn has been found to associate with several NK cell cytotoxic receptors, including ␤1 integrins (63), CD16 (35) , NKR-P1, and CD94 (34) . Second, Fyn and Lck (but not Src) have been shown to compensate for Lyn deficiency in B cell receptor signaling, which provides some evidence that redundancy may exist between Fyn and Lyn (51). Indeed, our work demonstrates that Fyn and Lyn are redundant in mediating anticryptococcal activity. This conclusion was derived from the observation that neither Fyn nor Lyn knockdown individually was sufficient to disrupt cryptococcal killing, whereas concomitant knockdown of both kinases abrogated killing. While we acknowledge that these data are obtained from YT cells, these data provide the first direct evidence that Fyn and Lyn have the capacity for redundancy in NK cells. In contrast, previous studies with NK and T cells have primarily suggested redundancy between Fyn and Lck (24, 36, 38) . Our data also expand on the previously underrecognized role of Lyn in NK cell cytotoxicity. Indeed, while Lyn has been shown to associate with NK cell cytotoxic receptors and become phosphorylated (34, 35, 63) , it has never been shown to be required for NK cell cytolytic function. Thus, while Fyn and Lck have classically been shown to be the dominant Src family kinases involved in NK cell lysis of tumor targets, other Src family kinases, such as Lyn, might have a more important role in NK cell cytotoxicity than once thought, particularly in the context of direct microbicidal activity.
We have established that the Src family kinases Fyn and Lyn are involved in the activation of PI3K¡ERK1/2 and killing of C. neoformans. However, as other Src family members were also expressed, our data do not preclude the possibility that knockdown of another combination of Src family kinases might also have an inhibitory effect on anticryptococcal activity. Nevertheless, knockdown of two Src family kinases, as opposed to three or more, was sufficient to disrupt anticryptococcal activity. Thus, while a "critical mass" effect may occur with even greater redundancy, our data suggest that there is a limit to the extent to which redundancy among Src family kinases may compensate for loss of some of the Src family members (e.g., Fyn and Lyn) and still preserve function. It is also still unclear which signaling molecule(s) couples Src family kinases to PI3K. In this regard, there are several possibilities. (i) Cryptococcal killing may be mediated by one of the major NK cell cytotoxic pathways such as the ITAM, DAP-10, or immunoreceptor tyrosine-based switch motif (ITSM) or adhesion-protein dependent pathways (53) . Previous studies have demonstrated that anticryptococcal activity proceeds independently of LFA-1 (64), but there have been no published data excluding the involvement of ITAMs, DAP-10, SLAM family receptors, or adhesion proteins such as other ␤1-integrins, DNAM-1, CRTAM, etc. (ii) Rather than requiring an intermediate step, Src family kinases may directly associate with and activate PI3K during anticryptococcal activity. Indeed, several studies have demonstrated the ability of the p85 subunit of PI3K (specifically two N-terminal proline-rich regions) to bind the SH3 domain of the Src family kinases Lck, Fyn, and Lyn, which resulted in increased PI3K activity (65, 66) . Such a mechanism of PI3K activation was found to occur in T cells upon cross-linking of CD3 (67) and may thus also take place in NK cells. (iii) Cryptococcal killing may be mediated altogether through a unique, not yet described pathway. It follows that PI3K activation may be coupled to Src family kinases through signaling molecule(s) not classically associated with NK cell cytotoxicity. In this case, further investigation of the anticryptococcal pathway will no doubt uncover these molecule(s).
In conclusion, we have demonstrated an essential role for Src family kinases in perforin-dependent cryptococcal killing by NK cells. In doing so, we have further uncovered the pathway responsible for the remarkable ability of NK cells to directly recognize and kill microbial targets.
